Three electronic speckle pattern shearing interferometers (ESPSI) using photopolymer holographic gratings to produce the sheared image are presented. In the first ESPSI system two holographic gratings are used. The gratings are placed between the object and an imaging lens in front of the CCD camera. In the second ESPSI system one grating is used in combination with a sheet of ground glass. The sheared images on the ground glass are further imaged onto a CCD camera. In the third ESPSI system only one grating is used -it is placed in front ofthe object. The image and the sheared image are imaged onto the CCD camera, whose optical axis coincides with the normal to the object surface. The introduction of photopolymer holographic gratings in ESPSI systems gives the advantage of using high aperture optical
ThTRODUCTION
Electronic speckle pattern shearing interferometry (ESPSI) enables direct measurements of displacement derivatives to be made with variable sensitivity18. A common approach to generate two sheared images ofthe object in ESPSI systems is to use a Michelson interferometric optical set-up. The images are generated via the two mirrors and the shear is introduced and controlled by tilting one of the mirrors. The idea of using a holographic grating for shearing of the two images in speckle shearing interferometry is not new59, but ESPSI using gratings to shear the image is an attractive alternative to the other shearographic systems57 using gratings as it provides observation of real-time fringe formation and the possibility of phase-stepping analysis. We suggest new applications of photopolymer holographic gratings in three ESPSI optical set-ups. Self-processing acrylamide based photopolymer1° is used as a recording medium for recording holographic gratings. The optimized photopolymer material gives good diffraction efficiencies up to 94% for an exposure of 8OmJ/cm2 and it performs well in the transmission mode of hologram recording. In the three ESPSI systems the photopolymer gratings are used to shear the image. Introducing photopolymer holographic gratings in ESPSI gives the advantage of using high aperture optical elements at relatively low price and makes the system compact. The three interferometric systems presented are simple, flexible and low cost.
THEORY
When two light waves interfere, the following equation11 relates their relative phase c1 at a point to their relative geometrical path difference L:
=-nL-fl Comparison of three electronic speckle pattern shearing interferometers using photopolymer holographic optical elements 1. ThTRODUCTION Electronic speckle pattern shearing interferometry (ESPSI) enables direct measurements of displacement derivatives to be made with variable sensitivity18. A common approach to generate two sheared images ofthe object in ESPSI systems is to use a Michelson interferometric optical set-up. The images are generated via the two mirrors and the shear is introduced and controlled by tilting one of the mirrors. The idea of using a holographic grating for shearing of the two images in speckle shearing interferometry is not new59, but ESPSI using gratings to shear the image is an attractive alternative to the other shearographic systems57 using gratings as it provides observation of real-time fringe formation and the possibility of phase-stepping analysis. We suggest new applications of photopolymer holographic gratings in three ESPSI optical set-ups. Self-processing acrylamide based photopolymer'° is used as a recording medium for recording holographic gratings. The optimized photopolymer material gives good diffraction efficiencies up to 94% for an exposure of 8OmJ/cm2 and it performs well in the transmission mode of hologram recording. In the three ESPSI systems the photopolymer gratings are used to shear the image. Introducing photopolymer holographic gratings in ESPSI gives the advantage of using high aperture optical elements at relatively low price and makes the system compact. The three interferometric systems presented are simple, flexible and low cost.
When two light waves interfere, the following equation11 relates their relative phase c1 at a point to their relative geometrical path difference L: =_nL-fl (1) where 2 is the wavelength of the laser light, n is the refractive index of the medium through which the laser light is transmitted, and /3 is a constant phase. The change in the relative phase A=81 or phase change, which manifests as visible fringes, can be effected by an incremental change in any ofthe three parameters 2, n, and L. Thus, 
2 where u, v and w are the displacement components of the point P '(x+Ax, y+Ay, z+Az)relative to point P (x, y, z) on the test surface, and A, B, and C are sensitivity factors that are related to the optical arrangement. When a diffraction grating is used to introduce the shear the direction in which the system is sensitive can be precisely controlled by changing the orientation of the grating. If the grating introduces small image shearing Ax, the displacement terms in Eq. (3) can be expressed in terms ofpartial derivatives:
A=[A+B+Cl& (4) 2L ox ax xj
In our case ( Fig. 1, 3 , 5) the object beam lies in the (x, z) plane so there is no sensitivity in the y direction. The phase change is:
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For a small image shear Ax the phase difference A can be expressed as8:
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Owi A=-I--sm9+--1+cos9)IAx lines/mm and 500 lines/mm were recorded using the second harmonic of a CW NdYVO4 laser (X = 532nm). The lEO acrylamide based photopolymer, which is self-developing, was used as the photosensitive medium. The layers were approximately 1OOm thick. Recording time and intensity were 20s and 3.5mW/cm2 respectively. The diameter of these gratings is 40mm. Diffraction efficiency in the +1 order is 60%. One of the advantages of this material is that characteristics such as diffraction efficiency, thickness (which controls selectivity), slant angle, diameter and reconstruction wavelength and angle can all be chosen to suit the photopolymer holographic gratings where 2 is the wavelength of the laser light, n is the refractive index of the medium through which the laser light is transmitted, and /3 is a constant phase. The change in the relative phase A=81 or phase change, which manifests as visible fringes, can be effected by an incremental change in any ofthe three parameters 2, n, and L. Thus,
, where 82, 6n, and SL denote respectively, the incremental change in wavelength, in refractive index and the difference in relative geometrical path length ofthe interfering waves. Ifthe same wavelength is used and the test environment is still air, only the SL term in Eq. (2) is nonzero, resulting in the following equation for the phase change'2:
In our case ( Fig. 1 , 3 , 5) the object beam lies in the (x, z) plane so there is no sensitivity in the y direction. The phase change is:
For a small image shear tx the phase difference A can be expressed as8:
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Owi A = -I -sm9 + -1 + cos 9) IL\x (6) 2LOx ox j 3. EXPERIMENT laser 3.1. Photopolymer diffractive optical element Holographic gratings with spatial frequencies of 200 lines/mm, 350 lines/mm and 500 lines/mm were recorded using the second harmonic of a CW NdYVO4 laser (X = 532nm). The lEO acrylamide based photopolymer, which is self-developing, was used as the photosensitive medium. The layers were approximately 1OOm thick. Recording time and intensity were 20s and 3.5mW/cm2 respectively. The diameter of these gratings is 40mm. Diffraction efficiency in the +1 order is 60%. One of the advantages of this material is that characteristics such as diffraction efficiency, thickness (which controls selectivity), slant angle, diameter and reconstruction wavelength and angle can all be chosen to suit the photopolymer holographic gratings Easy control of the shearing amount is important because it determines the overall sensitivity of the systems. In the first ESPSI system the distance between the two gratings ofthe same frequencies controls the size of the shear (Fig. 4) . In the second ESPSI system the distance between the grating and the ground glass can be used to control the amount of the shear (Fig. 5) . In the third ESPSI system the distance between the grating and the object controls the size of the shear (Fig. 6) . The increase of the amount of shear leads to an increase of the sensitivity of the system. When the distance between the two elements (the two gratings, the grating and the ground glass or the grating and the object, respectively) is kept constant the shearing amount can be changed by utilizing diffraction gratings with different spatial frequencies. The higher is the spatial frequency the bigger is the amount of the shear. The spatial frequency of the gratings influences also other important parameters of the system such as the contrast of the obtained ESPSI fringes and the size of the field of view. Easy control of the shearing amount is important because it determines the overall sensitivity of the systems. In the first ESPSI system the distance between the two gratings ofthe same frequencies controls the size of the shear (Fig. 4) . In the second ESPSI system the distance between the grating and the ground glass can be used to control the amount of the shear (Fig. 5) . In the third ESPSI system the distance between the grating and the object controls the size of the shear (Fig. 6) . The increase of the amount of shear leads to an increase of the sensitivity of the system. When the distance between the two elements (the two gratings, the grating and the ground glass or the grating and the object, respectively) is kept constant the shearing amount can be changed by utilizing diffraction gratings with different spatial frequencies. The higher is the spatial frequency the bigger is the amount of the shear. The spatial frequency of the gratings influences also other important parameters of the system such as the contrast of the obtained ESPSI fringes and the size of the field of view. presented were recorded during cooling of an aluminium tin filled with hot water. A filter with a 3x3 window was used to reduce the speckle noise in the images. The fringe pattern contrast was estimated to be above 90%. The results of the comparison of the three ESPSI systems using photopolymer diffractive optical elements are presented in Table 1 5. CONCLUSIONS New applications of photopolymer diffractive optical elements in electronic speckle pattern shearing interferometry are presented. Three optical set-ups for electronic speckle pattern shearing interferometry using photopolymer gratings are presented. Holographic gratings are recorded using an acrylamide based photopolymer material. presented were recorded during cooling of an aluminium tin filled with hot water. A filter with a 3x3 window was used to reduce the speckle noise in the images. The fringe pattern contrast was estimated to be above 90%. The results of the comparison of the three ESPSI systems using photopolymer diffractive optical elements are presented in Table 1 5. CONCLUSIONS New applications of photopolymer diffractive optical elements in electronic speckle pattern shearing interferometry are presented. Three optical set-ups for electronic speckle pattern shearing interferometry using photopolymer gratings are presented. Holographic gratings are recorded using an acrylamide based photopolymer material. The ESPSI systems using diffraction gratings to shear the image have some advantages compared to the commercially available systems based on a combination of a beam splitter and two mirrors (modified Michelson interferometer). They are simple and flexible and offer a simple way to introduce discrete shear steps between two images. Another advantage of these systems is that it is easy to change the shearing direction by rotating of the grating(s) around its normal.
Advantages include also the low cost of these systems and the potential to use large apertures.
It is easy to apply the ESPSI systems using HOE to shear the image in a phase-shifting mode. Mounting the glass plate or the HOE on a piezoelectric transducer (PZT) allows the introduction of a known phase shift. The ESPSI systems using diffraction gratings to shear the image have some advantages compared to the commercially available systems based on a combination of a beam splitter and two mirrors (modified Michelson interferometer). They are simple and flexible and offer a simple way to introduce discrete shear steps between two images. Another advantage of these systems is that it is easy to change the shearing direction by rotating of the grating(s) around its normal.
It is easy to apply the ESPSI systems using HOE to shear the image in a phase-shifting mode. Mounting the glass plate or the HOE on a piezoelectric transducer (PZT) allows the introduction of a known phase shift. 
